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Abstract  
The Cameros Basin (North Spain) is a Late Jurassic-Early Cretaceous extensional basin, 
which was inverted during the Cenozoic. It underwent a remarkable thermal evolution, as 
indicated by the record of anomalous high temperatures in its deposits. In this work the 
subsidence and thermal history of the basin is reconstructed, using subsidence analysis and 
2D thermal modeling.  
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Tectonic subsidence curves provide evidence of the occurrence of two rapid subsidence 
phases during the syn-extensional stage. In the first phase (Tithonian-Early Berriasian), the 
largest accommodation space was formed in the central sector of the basin, whereas in the 
second (Early Barremian-Early Albian), it was formed in the northern sector. These rapid 
subsidence phases could correspond to relevant tectonic events affecting the Iberian Plate at 
that time. By distinguishing between the initial and thermal subsidence and defining their 
relative magnitudes, Royden’s (1986) method was used to estimate the heat flow at the end 
of the extensional stage. A maximum heat flow of 60-65 mW/m2 is estimated, implying only a 
minor thermal disturbance associated with extension. In contrast with these data, very high 
vitrinite reflectance, anomalously distributed in some case with respect to the typical depth-
vitrinite reflectance relation, was measured in the central-northern sector of the basin. 
 
Burial and thermal data are used to construct a 2D thermal basin model, to elucidate the 
role of the processes involved in sediment heating. Calibration of the thermal model with the 
vitrinite reflectance (%Ro) and fluid inclusion (FI) data indicates that in the central and 
northern sectors of the basin, an extra heat source, other than a typical rift, is required to 
explain the observed thermal anomalies. The distribution of the %Ro and FI values in these 
sectors suggests that the high temperatures and their distribution are related to the 
circulation of hot fluids. Hot fluids were attributed to the hydrothermal metamorphic events 
affecting the area during the early post-extensional and inversion stages of the basin.  
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1. INTRODUCTION 
 
The opening of the Western Tethys and North Atlantic domains in late Jurassic to early 
Cretaceous times caused left-lateral movement of the Iberian relative to the European plates 
(Arche & López-Gómez, 1996; Salas et al., 2001; Vera, 2001; Vergés & Garcia-Senz, 2001; 
Jammes et al., 2010). A wide corridor of transtensional deformation progressively formed 
along the Iberian plate, developing distinct extensional systems (e.g. Tugend et al., 2015). 
The extension was asynchronous along the plate and the associated crustal thinning reduces 
from the Bay of Biscaly-Parentis and Pyrenean-Basque-Cantabrian domains to the Central 
Iberian extensional system (Tugend et al., 2015). In this context, in the westernmost part of 
the Central Iberian domain the Cameros Basin originated during the Tithonian to Early 
Albian, (Mas et al., 1993; Guimerà et al., 1995; Salas et al., 2001).  
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The Cameros Basin (North-central Spain) records a remarkable and complex tectono-
sedimentary evolution and thermal history, making the study of this basin very useful for the 
comprehension of the geodynamic evolution of the of the Iberian Plate area. In the central 
Iberian domain the Cameros Basin experienced the highest subsidence (Salas et al., 2001) 
with the deposition of up to 6500 m of mainly continental sediments in fewer than 50 My (e.g. 
Mas et al., 1993). Furthermore, in the northeastern sectors of the basin, part of the syn-
extensional succession was affected by very low- to low-grade metamorphism. The origin 
and distribution of the anomalously high temperatures recorded have been the subject of 
substantial debate over the past three decades. Several inorganic proxies (mineral 
paragenesis, illite crystallinity and fluid inclusions) have been used to characterize the 
metamorphism. Some authors (Guiraud & Séguret, 1985; Goldberg et al., 1988; Casas-
Sainz, 1992; Mata et al., 2001; Del Río et al., 2009; Casas et al., 2012) have attributed this 
metamorphism to burial. However, others (Casquet et al., 1992; Barrenechea et al., 1995; 
Mantilla-Figueroa et al., 1998; Alonso-Azcárate et al., 1999; Barrenechea et al., 2001; Ochoa 
et al., 2007; González-Acebrón et al., 2011; González-Acebrón et al., 2012) have interpreted 
the metamorphism as having a hydrothermal and allochemical origin. The present study is an 
attempt to improve the understanding of the thermal evolution of the Cameros Basin. To 
determine the thermal stages of the deposits of the basin, for the first time, accurate vitrinite 
reflectance (%Ro, VR) measurements were performed, providing information on the real 
temperatures reached in the basin infill. There was an anomalous pattern of the vitrinite 
reflectance with the depth, compared to typical extensional basins. To improve temperature 
history reconstruction, %Ro data were also combined with fluid inclusions data, as the latter 
are the only direct evidence of the circulation of palaeofluids (Goldstein & Reynolds, 1994).  
 
The reconstruction of the thermal history of a basin requires knowledge of the paleo-heat 
flow and its variation associated with basin formation. In the case of ancient basins, such 
data can be obtained through subsidence analysis and estimation of the level of initial and 
thermal subsidence. Therefore, in addition to comparative studies of vitrinite reflectance, in 
this work the subsidence analysis of the basin was performed. 
 
As the Cameros Basin is an ancient uplifted and partially eroded continental extensional 
basin,  a number of less common constraints are required (e.g., the amount of material 
eroded, the age of syn-extensional sequences, and the initial crust and mantle lithospheric 
thicknesses) to model its thermal history. Therefore, the results obtained herein require a 
critical interpretation. Despite the numerous uncertainties, this study can considerably 
improve the understanding of the complex thermal history of the Cameros Basin by 
estimating the heat flow range at the end of the extension phase and comparing the %Ro 
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data with thermal modeling results. Additionally, relevant data for the comprehension of the 
geodynamic evolution of the Iberian Plate are provided.  
 
2. GEOLOGICAL SETTING 
 
The Cameros Basin belongs to the north-western Iberian Chain (Fig. 1), an intraplate fold-
and-thrust belt that originated during Alpine contraction, which inverted the Mesozoic Iberian 
Extensional System (e.g., Salas & Casas, 1993; Salas et al., 2001). The Cameros Basin 
formed during the Tithonian to Early Albian  and it was inverted in the middle to late Eocene 
(Salas et al., 2001). 
During its evolution the Cameros Basin was affected by two hydrothermal metamorphic 
events. The first metamorphic event occurred during the early post-extensional stage (Late 
Albian-Coniacian) and it was especially recorded in the northern sector of the basin. A 
maximum temperature of more than 350 ºC has been estimated for this event (Casquet et al., 
1992). The second event, Early-Middle Eocene in age, has been recorded in different sectors 
of the basin and maximum temperatures ranged from 280 to 305ºC (Mantilla-Figueroa et al., 
1999; 2002; González-Acebrón et al., 2011).  
 
At present, the Cameros Basin is contained in the Cameros Thrust-sheet (Guimerà et al., 
1995), which comprises the extensional and post-extensional sedimentary infill of the basin, 
its Jurassic and Triassic substratum and the Variscan basement (Fig. 1). The most relevant 
structural features are the thrusts that bound the Cameros structural unit to the north and 
south (Guimerà et al., 1995) (Fig. 1). The basin infill is merely gently folded, and it was 
apparently unaffected by relevant deformation. 
 
2.2. Basin infill 
The syn-extensional sedimentary record (Late Tithonian to the Early Albian) mainly 
consists of continental, predominantly fluvial, lacustrine and tide-influenced depositional 
systems (Mas et al., 1993, 2003, 2011). The syn-extensional deposits have been divided into 
eight depositional sequences (DS) (Fig. 1) (Mas et al., 2002; Mas et al., 2011), which are 
formed by different lithological units (Fig. 2). With respect to the age, scattered age data are 
available from charophytes, ostracods and palynological associations in the continental 
record as well as from dasycladacean algae and a few foraminifera in the rare marine 
incursions (Brenner, 1976; Salomon, 1982; Guiraud & Séguret, 1985; Schudack, 1987; 
Alonso & Mas, 1993; Martín-Closas & Alonso-Millán, 1998; Suarez-Gonzalez et al., 2013).  
Underlying the syn-extensional units, and separated by a regional unconformity, there are 
approximately 1-1.5 km of pre-extensional Triassic and marine Jurassic deposits, which 
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represent the substratum of the basin. Draping the Cameros Basin infill, there is a package of 
continental deposits passing upward into a shallow-marine carbonate platform (Platt, 1989; 
Alonso & Mas, 1993; Salas et al., 2001; García & Mas, 2004) (Fig. 1, 2), with a total 
thickness of 600-800 m. This post-extensional succession is only preserved in the 
southwestern sector of the basin, but its thickness is unlikely to have varied substantially over 
the rest of the basin (e.g., Omodeo Salé et al., 2014) (Fig. 1).  
 
3. METHODOLOGY 
 
In order to understand the origin of the thermal anomalies observed in the Cameros Basin, 
a 2D numerical model of the thermal history of the basin was performed. For thermal 
modeling, an estimation of the heat flow affecting the basin is necessary. Such information 
was obtained with subsidence analysis. Vitrinite reflectance data (VR, %Ro), punctually 
complemented by fluid inclusions data (FI), were used to evaluate the thermal stage of the 
basin infill deposits and to validate the thermal model. For subsidence analysis and 2D 
thermal modeling the restoration to the pre-inversion state of balanced geological cross-
section of the basin was used (Omodeo Salé et al., 2014) (Fig. 3b and Fig. 1 for location). 
The reconstructed section crosses the basin from the northern main thrust to the southern 
back-thrust, intersecting the syn-extensional units in the recognized depocentral areas (Fig. 
1).  
 
3.1. Subsidence analysis and heat flow estimation 
Curves for sediment accumulation vs. time (sediment-loaded, total subsidence) and for 
the tectonic subsidence (backstripped/water loaded) were determined for eight virtual wells 
along the restored cross-section (Fig. 3b). Reconstructed well stratigraphies are summarized 
in Fig. 4. Subsidence curves were constructed from the base of the Kimmeridgian (155.6 My) 
to the end of the Cretaceous (65.5 My). For the syn-extensional stage, the units correspond 
to the depositional sequences defined by Mas et al. (2002, 2003, 2011). These depositional 
sequences represent the units whose boundaries can be approximately dated and traced 
throughout the basin. The post-extensional sedimentary record is represented by two units, a 
100-m thick sandstone unit, corresponding to the Utrillas Fm (Late Albian), and a 550-m thick 
unit that mainly consists of shallow-marine platform carbonates, referred to as “Upper 
Cretaceous”. The numerical age data used in this study (Fig. 1, Table 1) are those from 
Gradstein et al. (2004) and Ogg et al. (2008). To simplify the process of lithological 
assignment for decompaction and backstripping, each Formation and Group was 
represented by the percentages of three main lithologies (limestone, sandstone and shale, 
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Table 1). In the virtual wells, the simplified lithology was proportionally calculated with respect 
to the thickness of the Formation or Group considered (Fig. 4 and Table 2). 
The burial history diagrams were obtained using the subsidence software of Waltham 
(2001). The variation in the thickness and paleo-depth of each sediment layer over time was 
sequentially calculated by removing the overlying layers and decompacting each layer. 
Decompaction was calculated using empirical porosity/depth equations (Sclater & Christie, 
1980) for the specific lithology of each layer. The initial porosity (Φ0) and compact factor (c) 
used for decompaction refer to the values proposed by Sclater and Christie (1980) and 
Schmoker and Halley (1982), which were proportionally calculated with respect to the 
lithological composition of each unit (Table 2). A “total subsidence” curve for each virtual well 
was obtained, providing information on the accommodation space formed over time. 
Paleobathymetry and eustasy corrections were omitted because of the continental to very 
shallow-water/coastal nature of the deposits. Via backstripping, the (water-loaded) tectonic 
subsidence was obtained. The backstripping equation was proposed by Watts & Ryan 
(1976), assuming local isostatic compensation (Airy model). 
 
An estimation of the surface heat flow (mW/m2) at the end of the extensional stage was 
obtained with the graphical approach developed by Royden & Keen (1980) and Royden 
(1986), in which the initial subsidence and thermal subsidence values were used (Table 3). 
Estimation of the heat flow was made for each virtual well (Table 3).  
 
3.2. Vitrinite reflectance and thermal modeling 
To determine the thermal stage of the basin infill, vitrinite reflectance was measured on 
shale and fine grained carbonate organic-rich deposits outcropping throughout the basin (Fig. 
1). Nineteen polished sections were analyzed at the INCAR laboratory (Oviedo, Spain) using 
reflected white light and an oil immersion objective (50x) with an MPV-Combi-Leitz optical 
microscope. ISO norms (ISO-7404-2, 2009; ISO-7404-5, 2009) and ICCP nomenclature 
(ICCP, 1998, 2001) were applied. For very mature samples, the organic matter was 
examined under polarized light incorporating a 1-λ-retarder plate that provides a better 
definition of the anisotropy properties. Therefore, high reflectance vitrinite macerals could be 
differentiated from inertinite and/or solid bitumens particles. The obtained %Ro mean value, 
indicated in Table 4, for each sample is estimated considering both the %Ro mean value and 
the %Ro frequency distribution (standard deviation). 
To determine if the thermal conditions indicated by VR and FI can be reached by burial, a 
2D numerical thermal model was used and compared with the measured data. The model 
was reconstructed with the PetroMod software of Schlumberger. The principles and 
applications of these simulations have been explained, e.g., by Büker et al., (1995), Poelchau 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
et al., (1997), and Yalcin et al., (1997). As far as heat flow is concerned, additionally than 
considering the heat flow calculated by Royden’s method, different scenarios were tested. To 
build the thermal model, the basin history was divided into a succession of “events”, which 
correspond to the pre-extensional, syn-extensional and post-extensional units used in the 
subsidence analysis. The restored section of the basin (Fig. 3b) was assumed as the 
geological model. The facies used for modeling are displayed in Fig. 5 and refer to the 
simplified lithologies in Table 1.  
 
The 2D thermal model was validated by comparing the measured vitrinite reflectance data 
(%Ro) with the vitrinite reflectance values predicted by the EASY %Ro model (Sweeney & 
Burnham, 1990). In accordance with the geographical and reconstructed stratigraphical 
positions (Fig. 3a), vitrinite reflectance samples were plotted on the restored section at the 
inferred paleo-depth (Fig. 5). The measured %Ro values were grouped and projected into six 
calibration wells (Fig. 5). In cases where the measured %Ro values differed markedly from 
the trend represented by the curve, the burial history variables (depositional thickness or 
erosion) and/or the basal heat flow needed to be adjusted until the calibration improved. 
Homogenization temperatures (Th), measured in primary fluid inclusions (González-Acebrón, 
2013), were punctually used to complement the vitrinite reflectance data. To display fluid 
inclusion data, two calibration wells were defined, where the measured Th was compared 
with the temperatures predicted by the model at the corresponding depth. 
 
3.3. Estimation of errors 
It is difficult to obtain reliable results from subsidence analysis and thermal modeling in 
basins that have been totally inverted, partially eroded and affected by a complex thermal 
history. Therefore, many assumptions and approximations need to be made. 
 
The reconstruction of the geometry of the basin (e.g., Omodeo Salé et al., 2014) shows 
that much of the basin infill has been eroded. Reconstruction of the thickness and geometries 
of the eroded part of the section was performed by projection into the cross-section of many 
thickness data measured in the adjacent areas (Omodeo Salé et al., 2014). As different 
authors have obtained similar results (ca. 5 km by Muñoz and Casas, 1997 and Casas and 
Gil, 1998 and 5.500 m by Mas et al., 1993 and Omodeo Salé et al., 2014), the eroded 
thickness assumed in this work can be considered a plausible approximation. However, a 
possible error of ± 1000 m in the results has to be considered.  
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Due to the scarce fossils contained in the continental and transitional-marine deposits 
filling the basin, the dating of the units is another relevant source of uncertainty. Given the 
heterogeneity of the basin stratigraphy, lithology assignment needs to be simplified (Table 1). 
Lithologies were determined considering both the outcrop data and numerous 
sedimentological data collected by previous authors (e.g., Mas et al., 2011 and references 
therein). For the eroded part, lithologies were extrapolated from field data. Simplifications 
concerning lithology assignment imply potential errors in the backstripping. However, 
potential errors introduced by age and lithology assignment are clearly subordinate 
compared to those associated with the reconstruction of the eroded part of the basin infill. 
 
Royden’s (1986) method, used to estimate the maximum heat flow at the end of the 
extension, implies many simplifications and assumptions (e.g., instantaneous extension, no 
lateral heat loss, zero flexural strength of the lithosphere, etc.). In the Cameros Basin, a 
crustal thickness before stretching of 35 km and a lithosphere thickness of 125 km were 
assumed based on data provided on Simancas et al. (2003). Minor deviations from these 
values did not seem to have relevant consequences on the results (Royden, 1986). With all 
these assumptions, the results obtained herein, concerning the heat flow, have to be 
considered as a first approximation. 
 
Finally, conventional thermal modeling software has significant limitations, which makes it 
difficult to perform an accurate reconstruction of the thermal history of a basin. In fact, the 
advective heat transport (e.g., circulation of hot fluids) cannot be simulated.  
 
4. RESULTS 
 
4.1. Subsidence pattern and heat flow  
Curves of the total and tectonic subsidence were obtained for every virtual well (Fig. 6). 
Total subsidence curves show that at the end of the syn-extensional and post-extensional 
stages (65.5 My), the areas of maximum accommodation space correspond to the Castillejo 
and Yanguas wells (6800-6900 m). In contrast, the Lazaro and Fuentetoba wells mark the 
area where the lowest accommodation space was created (3300-3700). Intermediate values 
of subsidence were recorded in the areas represented by the rest of the wells.  
 
Via backstripping, values for tectonic subsidence between 1000 and 2000 m were 
determined. In all virtual wells, the initial subsidence (from 150.8 to 108.7 My) was 
distinguished from the thermal subsidence (from 108.7 to the end of the Cretaceous) (Fig. 6). 
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The initial subsidence varies between 800 and 2000 m along the section (Table 3), and the 
thermal subsidence ranges from 110 to 130 m (Table 3).  
During the initial subsidence, two cycles of steep/smooth slopes can be identified in the 
curves, which represent alternations of rapid and decelerated subsidence (Fig. 6). The first 
rapid subsidence phase spans approximately from the Tithonian to the Early Berriasian 
interval (from 150.8 to 142.3 My), whereas the second one ranges from approximately the 
Early Barremian to the Middle Albian interval (from 129 to 108.7 My) (Fig. 6).  
Using Royden’s graphical method, the initial and thermal subsidence values were used to 
estimate the heat flow in the basin area at the end of the syn-extensional phase. A heat flow 
value ranging from 60 to 65 mW/m2 is determined (Table 3).  
 
4.2. Thermal history reconstruction 
The vitrinite reflectance, measured in the basin infill deposits, varies considerably 
throughout the basin (Fig. 5 and Table 4). The lowest values were measured in the southern 
sector of the basin (0.47-0.57 %Ro), whereas in the central and northern sectors of the 
basin, high to very high vitrinite reflectance was measured (from 2.0 to 4.6 %Ro) (Fig. 5). In 
the latter sectors, an inversion of the typical depth/VR relation trend was frequently observed 
in sequences in contact with thick permeable sandstone accumulations (Urbión Gr, DS4, 
DS5, DS6 and DS7, and Oliván Gr, DS8) as well as in deposits located close to faults (Fig. 5 
and Fig. 3). The reflectance gradually decreased with increasing distance to the sandstone 
bodies and faults. 
 
To estimate the thermal conditions reached by the basin infill during its evolution, a 2D 
thermal model was reconstructed. As a boundary condition, the heat flow variation over time 
was defined, assuming the average value estimated by means of Royden’s method (64 
mW/m2) as the maximum heat flow at the end of the extensional stage (108.7 My) (Fig. 7).. 
An exponential decrease in heat flow was considered for the post-extensional stage. A 
surface heat flow of 60 mW/m2 was adopted (Fig. 7), taking into account the data from a 
commercial oil well located in the area (Fernández et al. 1998).  
 
The thermal model results determined the temperature distribution throughout the restored 
section of the basin over time (Fig. 8). In agreement with the burial depth, the basin infill 
reached maximum temperatures in the central-northern sector of the basin, whereas 
temperatures decreased toward the borders. Maximum temperatures were reached at the 
end of the syn-extensional stage (108.7 My), coinciding with the peak of heat flow previously 
estimated.  
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The comparison of the vitrinite reflectance vs. depth theoretical curves with the %Ro 
measured (Fig. 9) showed that the model could be considered correct in the southern part of 
the transect (calibration-well 1) but not in the rest of the section, where the %Ro values were 
generally far higher than the model prediction. Moreover, in the central part of the section 
(calibration-wells 2, 3 and 4), an inversion of the typical depth/VR relation trend in the DS3 
deposits was observed (Fig. 9). In the northern part of the section (calibration-well 5), no 
specific %Ro-with-depth trend was observed; high values were measured in both the upper 
and lower stratigraphic levels of DS7 (Fig. 9). In the northernmost part of the section 
(calibration-well 6), the measured %Ro values were markedly higher than the theoretical 
value predicted by the model (Fig. 9). 
 
Additional calibration runs were performed to achieve a better fit between the measured 
and predicted data. However, increasing the maximum heat flow at the end of the 
extensional phase, from 64 mW/m2 to 80-100 mW/m2 (a value representative of an active rift 
basin, e.g., Allen & Allen, 2009), did not substantially improve the results (Fig. 9). 
 
5. DISCUSSION 
 
The most remarkable feature of the tectonic subsidence curves is the occurrence, during 
the syn-extensional stage, of alternating rapid and slow subsidence phases (Fig. 6, legend). 
The rapid subsidence phases can be related to relevant tectonic events affecting the Iberian 
Plate at that time. The first rapid phase (Tithonian-Early Berriasian) can correspond to the 
opening of the North-Atlantic domain, whereas the second (Early Barremian-Early Albian) 
can correspond to the rifting in the future Biscay domain (Mas et al., 1993; Salas et al., 2001; 
García-Senz and Salas, 2011). 
 
Total subsidence curves (Fig. 6) show that during the first rapid subsidence phase (from 
150.8 to 142.3 My), the largest accommodation space was created in the central sector of 
the basin (Castillejo, Poveda, Yanguas and Rollamienta wells), while in the second phase 
(from 129 to 108.7 My), the largest accommodation space was created in the northern sector 
of the basin (Lazaro, Enciso, Molino and Yanguas wells). This subsidence trend can be 
explained in terms of the northward migration of the depocenters of the syn-extensional units 
(Mas et al., 1993; Guimerà et al., 1995; Omodeo Salé et al., 2014), which indicates that the 
accommodation space was formed with a gradual lateral displacement to the north from the 
beginning to the end of the extensional phase (Fig. 6). 
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The low range of values obtained from heat flow estimation (60-65 mW/m2) indicate that 
there was no significant thermal anomaly associated with basin formation, according to what 
it is expected in a typical extensional regime of rift type (Allen & Allen, 2009). The low thermal 
anomaly indicated a reduced thermal subsidence (from 110 to 130 m) and, consequently, the 
deposition of reduced thickness post-extensional deposits. However, both inorganic proxies, 
collected in a previous work, as well as vitrinite reflectance data, obtained herein, indicate 
that very high thermal conditions were recorded in the central-northern sector of the basin. 
Therefore, considering the “cold” scenario indicated by the results of the heat flow estimation, 
the cause of the thermal anomalies recorded in parts of the basin remains unclear. Analysis 
of the distribution of the depth-vitrinite reflectance relation in the basin deposits (Fig. 5) and 
comparison of the %Ro with the thermal conditions estimated by the thermal model (Fig. 9) 
can help to clarify this issue. 
 
VR indicate that, assuming a heat flow peak of 64 mW/m2 at the end of the extensional 
stage, the model results were only correct for the southern sector of the basin, whereas in 
the central and northern sectors of the basin, the %Ro values generally exceeded the model 
predictions (Fig. 9) and the typical depth-VR relation was inverted in some cases (calibration-
wells 2, 3 and 4 of Fig. 9). The anomalous distribution of the vitrinite reflectance cannot be 
explained by increasing burial (and subsequent deeper erosion) or by assuming a higher 
heat flow (regional metamorphism, as suggested by Mata et al., 2001; Del Río et al., 2009; 
Casas et al., 2012) because this would only result in an increase of the vitrinite reflectance 
with depth. Furthermore, according to Teichmüller & Teichmüller (1982) and Taylor et al., 
(1998), such high vitrinite reflectance values (%Ro >3) are unlikely to be reached by simple 
burial, and an extra heating input into the basin needs to be considered. Anomalous vitrinite 
reflectance values can be caused by deep-lying magmatic bodies and/or dike intrusions (e.g., 
Alston Block, north-eastern England; Creaney, 1980; Illinois Basin, Stewart et al., 2005), 
magmatic activity associated with the evolution of the basin (e.g., Pannonian and Styrian 
Basins, Sachsenhofer, 1994; Yalcin et al., 1997) or salt diapirism and/or the presence of thick 
evaporitic units (e.g., Adana Basin, Yalcin et al., 1997; Lower Saxony Basin, Adriasola 
Muñoz et al., 2007). However, in the case of the Cameros Basin, none of these phenomena 
seems to apply. 
 
A plausible explanation for the anomalous temperatures and temperature distribution 
observed in the Cameros Basin is the circulation of hot fluids. These fluids would have 
heated the sediments, regardless of their stratigraphic position, to temperatures higher than 
those expected in a normal extensional process. In such a case, the permeability of the 
sediments and the presence of faults/fractures are the most important factors determining the 
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occurrence and distribution of anomalous temperatures. In the northernmost part of the 
basin, the original high permeability of the sandstones of Oliván Gr deposits (DS8) would 
favor the circulation of hot fluids, resulting in high temperatures in shallowly buried layers 
(Fig. 3, Fig. 9: calibration-well 6). Moreover, because this unit is located near the northern 
border of the basin, the circulation of hot fluids could be facilitated by the numerous faults 
affecting this area (Figs. 1 and 3). In DS7, located in the northern sector of the basin, 
numerous sandstone bodies intercalated with shale and limestone deposits could also 
facilitate hot fluid circulation, leading to higher temperatures along the whole stratigraphic 
succession (Fig. 9: calibration-well 5). The anomalous values recorded along DS3, 
characterized by an increase in the %Ro values toward the top (Fig. 9: calibration-well 2, 3 
and 4), could be attributed to the presence of a thick sandstone succession immediately 
overlying the DS3 unit (Fig. 5). This succession corresponds to the Urbión Gr, whose high 
permeability also facilitated the circulation of hot fluids. Finally, anomalously high 
temperatures are recorded in the deposits located close to the NW-SE trending post-
sedimentary faults (Fig. 1, Fig. 9: calibration-well 2 and 3), along which hot fluids could 
favorably circulate.  
 
The combination of vitrinite reflectance and fluid inclusion data confirms that hot fluids 
circulated during the post-diagenetic stage in the central and northern sector of the basin. In 
the central part of the basin, Th for primary fluid inclusions (120 ºC, González-Acebrón, 
2013), trapped in quartz overgrowths in sandstone of the Huerteles Fm (DS3, site FI-1 in Fig. 
10 and Table 5), are in agreement with the temperatures predicted by the model for this 
sector (Fig. 10). However, the high VR determined in the same area (2.0-3.0 %Ro; see Fig. 
9: calibration-well 2 and Table 4) indicates that the temperature increased in the post-
diagenetic stage. In the northern sector of the basin, the Th for primary fluid inclusions, 
measured in quartz filling tension fractures in sandstones of the Urbión Gr (DS4; 290 ºC, 
González-Acebrón, 2013), indicate that the circulating fluids in this area were at considerably 
higher temperatures than those expected by burial only (site FI-2 in Fig. 10 and Table 5). 
Mata et al. (2001) reported similar Th for this area. These data agree with the high VR (up to 
3.0 %Ro) measured in the samples from this area (Fig. 9: calibration-well 4 and Table 4).  
 
The circulation of hot fluids has to be causally related to the two metamorphic events 
recognized in the Cameros Basin. This appears to confirm a hydrothermal origin, as 
supported by Casquet et al. (1992), Alonso-Azcárate et al. (1999), Mas et al. (2003), Ochoa 
et al. (2007) and González-Acebrón et al. (2011, 2012). In the case of the Early-Middle 
Eocene in the age metamorphic event, hydrothermal hot fluids could be released from lower 
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crustal melting during orogenesis, and fault systems serve as conduits. In contrast, the origin 
of the mid-early Late Cretaceous hydrothermal metamorphic event has not yet been clarified.   
In the Lower to Upper Cretaceous times, the phenomena of magmatism, metamorphism 
and remagnetization have been recorded in different regions of NE Iberia (Basque-
Cantabrian range, Northern Pyrenees and Maestrat Basin in the Iberian Chain), as reviewed 
by Salas et al. (2005). The origin of this widespread thermal anomaly has not yet been 
investigated in detail, although there are hypotheses linking it to Bay of Biscay opening (e.g., 
Salas et al., 2005; Vegas et al., 1996). In the northern Pyrenees and Basque-Cantabrian 
domains, metamorphism has been dated as Albian in age and it has been related to the 
hyper-extension of the lithosphere and denudation of the mantle during the extensional 
regime (Lagabrielle et al., 2010). In contrast, the low thermal anomaly estimated in this work 
for the Cameros Basin area at the end of the extensional phase, indicates  a reduced 
lithosphere thinning. For the Cameros Basin therefore, a major unsolved and controversial 
issue is how hot fluids could have reached the basin infill during the early-post-extensional 
stage. Future studies on the origin and flowpaths of the metamorphic hot fluids, integrated 
with the broader regional geological context, would significantly improve the understanding of 
the geodynamic evolution of the basin area during the Iberian Mesozoic extensional regime.  
 
6. CONCLUSIONS 
 
This study is an attempt to reconstruct the subsidence and thermal history of the Cameros 
Basin. Despite the uncertainties associated with the totally inverted and partially eroded state 
of the basin, the outcomes of this work help clarify some relevant questions on the thermal 
evolution of the basin.  
 
Initial subsidence occurred from approximately 150 to 110 My (Tithonian to Early Albian) 
and was followed by thermal subsidence until approximately the end of the Cretaceous. 
During the initial subsidence, two rapid subsidence phases (from 150.8 to 142.3 My for the 
first and from 129 to 108.7 My for the second) were recorded, which may be related to the 
opening of the North-Atlantic domain and to the rifting in the future Bay of Biscay domain. 
During the first phase of basin evolution, the largest accommodation space was created in 
the central sector of the basin, whereas in the second phase, it was created in the northern 
sector. This trend is consistent with a northward migration of the depocenters during the 
extension stage. 
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Subsidence data indicate a minor thermal anomaly associated with the extension. A 
maximum heat flow of 60-65 mW/m2 at the end of the syn-extensional stage was estimated. 
The inferred “cold” extensional regime is not easily compatible with the high temperatures 
(very low to low grade metamorphism) recorded in the basin during the early post-
extensional and inversion stages, as indicated by several inorganic proxies and vitrinite 
reflectance data.  
 
In terms of the cause of the observed thermal anomaly, the very high %Ro values 
measured in the uppermost stratigraphic levels, computed deviations from the typical 
depth/VR relation and FI data suggest that there was circulation of hot fluids in the deposits 
during the evolution of the basin. Hot fluids heated the sediments, regardless of their 
stratigraphic position, to temperatures higher than those expected in an extensional regime 
of rift type. The permeability of the sediments and presence of fractures were the most 
important factors responsible for the anomalous temperature distribution. These results seem 
to confirm the hydrothermal nature of the metamorphic events that affected the basin. 
Compressional faults can be preferential conduits for hot fluid circulation during the Cenozoic 
metamorphic event. However, the origin and flowpaths of hot fluids during the post-
extensional metamorphism are still controversial and merit further study.  
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Figure captions 
Fig. 1.- Location and geological setting of the Cameros Basin and location of the samples 
used for vitrinite reflectance and fluid inclusion measurements. A-A’ indicates the trace of the 
cross-section of Fig. 3. 
Fig. 2.- Chrono-stratigraphic sketch of the Cameros basin infill and distribution of the syn-
extensional depositional sequences (DS) and relative lithological units (Groups and 
Formations) (Modified from Mas et al., 2003). The stratigraphic location of samples collected 
for vitrinite reflectance (VR) and fluid inclusion (FI) measurements are also indicated. The 
situation of the samples, at depth, is indicated in Fig. 3. 
Fig. 3.- Balanced geological cross-section (a) and restored section (b) used in the basic 
geological model (from Omodeo Salé et al., 2014). (a) The location and stratigraphic position 
of the samples used for vitrinite reflectance and fluid inclusions measurements. (b) The 
situation of virtual wells used for subsidence and heat flow calculations. The trace of the 
cross-section is indicated in Fig. 1. 
Fig. 4.- Main geological parameters of the virtual wells plotted onto the restored cross-
section. For every unit considered, the age (My), thickness (m) and lithology (%) are 
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indicated. Thk = thickness; Lithol = lithology; Lm = limestone; Sn = sandstone; and Sh = 
shale. 
Fig. 5.- Restored section of the Cameros Basin displaying the sedimentary units and 
architecture. The samples used for %Ro and fluid inclusion analysis are depicted at the 
original paleo-depth. The location of the samples at the present-day is indicated in Fig. 3. To 
calibrate the 2D thermal model, the measured %Ro values were grouped and projected onto 
six calibration wells that were arranged along the section. The mean %Ro measured for each 
sample is indicated. 
Fig. 6.- Total (blue) and tectonic (pink) subsidence curves obtained for each well. The 
following two types of tectonic subsidence were recognized during the syn-extensional stage: 
rapid and decelerated subsidence. 
Fig. 7.- Curve of heat flow variation through = time for the Cameros Basin. An average 
value of 64 mW/m2, estimated with Royden’s method, is considered at the end of the syn-
extensional stage (108.7 My). 
Fig. 8.- 2D thermal models acquired for several time slices with the PetroMod program. 
Fig. 9.- Calibration with the vitrinite reflectance data of the 2D thermal models depicted in 
Fig. 10. Two calibrations were performed. The solid curve refers to the maximum heat flow 
estimate according to the method of Royden (1986), whereas the dotted curve refers to a 
maximum heat flow of 100 mW/m2. In both cases, the calibration was not satisfactory. 
Fig. 10.- Time/temperature/depth plots extracted from the 2D thermal model at the site of 
the FI-1 and FI-2 fluid inclusion samples (Fig. 5). FI-1 and Fl-12 samples were situated at 
their stratigraphic places.  
 
Tables 
Table 1.- Ages of the basin infill units and their lithological composition as a percentage of 
the three main lithologies (limestone, sandstone, and shale). These units were considered in 
the subsidence calculations and in the 2D thermal model input. 
Table 2.- Thickness, heterolitic lithologies, Φ (porosity) and parameter c (compaction 
factor) values attributed to different units of each well. 
Table 3.- Values of the initial and thermal subsidence interpreted from the tectonic 
subsidence curves for each virtual well. Values of the heat flow (mW/m2), estimated with 
Royden’s graphical method, are also indicated.  
Table 4 The vitrinite reflectance measured for each sample.  
Table 5 Fluid inclusion data (from González-Acebrón et al., 2013) used to calibrate the 2D 
thermal models. 
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From To Limestone Sandstone Shale
65.5 98 Upper Cretaceous 60 20 20
98 106.5 Utrillas Fm 0 80 20
121 108.7 DS8 Olivan Gr 5 70 25
Leza Fm - - -
Enciso Gr 45 20 35
Urbión Gr 0 60 40
Abejar Fm 0 70 30
Urbión Gr 0 60 40
Pantano Fm 0 80 20
Urbión Gr 0 60 40
Golmayo Fm 40 40 20
142.3 136.7 DS4 Urbión Gr 0 60 40
Valdeprado Fm 60 4 36
Huerteles Fm 15 35 50
150.8 145.5 DS1+2 Tera Gr 5 60 35
164.7 150.8 Pre-ext. Marine Jurassic 100 0 0
Age (My)
DS3142.3
Lithology
Post-ext.
Unit
127 121 DS7
145.5
Group/Formation
DS6127129
DS5129136.7
 
 
 
Virtual 
Wells/Units 
Thicknes
s 
Limeston
e 
Sandsto
ne 
Shale Φ c
Fuentetoba        
Upper Cretaceous 550 60 20 20 0.53 0.0004
68 
Utrilla Fm 100 - 80 20 0.518 0.0003
18 
DS7 710 - 70 30 0.532 0.0003
42 
DS6 1006 - 80 20 0.518 0.0003
18 
DS5 713 20 40 40 0.55 0.0004
16 
DS1+2 306 25 40 35 0.544 0.0004
165 
Rollamienta       
Upper Cretaceous 550 60 20 20 0.53 0.0004
68 
Utrilla Fm 100 - 80 20 0.518 0.0003
18 
DS7 1158 - 70 30 0.532 0.0003
42 
DS6 1612 - 80 20 0.518 0.0003
18 
DS1+2 1194 30 35 30 0.5135 0.0004
035 
Poveda       
Upper Cretaceous 550 60 20 20 0.53 0.0004
68 
Utrilla Fm 100 - 80 20 0.518 0.0003
18 
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DS7 1232 - 60 40 0.546 0.0003
66 
DS6 582 - 60 40 0.546 0.0003
66 
DS3 1738 15 35 50 0.563 0.0004
275 
DS1+2 1900 5 60 35 0.54 0.0003
665 
Castillejo       
Upper Cretaceous 550 60 20 20 0.53 0.0004
68 
Utrilla Fm 100 - 80 20 0.518 0.0003
18 
DS8 43 5 70 25 0.526 0.0003
425 
DS7 1463 10 50 40 0.548 0.0003
91 
DS6 542 - 60 40 0.546 0.0003
66 
DS3 2456 30 25 45 0.559 0.0004
53 
DS1+2 1079 5 60 35 0.54 0.0003
665 
Yanguas       
Upper Cretaceous 550 60 20 20 0.53 0.0004
68 
Utrilla Fm 100 - 80 20 0.518 0.0003
18 
DS8 920 5 70 25 0.526 0.0003
425 
DS7 2480 20 40 40 0.55 0.0004
16 
DS6 440 - 60 40 0.546 0.0003
66 
DS5 220 - 60 40 0.546 0.0003
66 
DS4 238 - 60 40 0.546 0.0003
66 
DS3 1800 50 15 35 0.549 0.0004
79 
Molino       
Upper Cretaceous 550 60 20 20 0.53 0.0004
68 
Utrilla Fm 100 - 80 20 0.518 0.0003
18 
DS8 1468 5 70 25 0.526 0.0003
425 
DS7 3246 35 30 35 0.546 0.0004
415 
DS6 280 - 60 40 0.546 0.0003
66 
DS5 135 - 60 40 0.546 0.0003
66 
DS4 57 - 60 40 0.546 0.0003
66 
DS3 131 50 15 35 0.549 0.0004
79 
Enciso       
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Upper Cretaceous 550 60 20 20 0.53 0.0004
68 
Utrilla Fm 100 - 80 20 0.518 0.0003
18 
DS8 2090 5 70 25 0.526 0.0003
425 
DS7 2300 40 25 35 0.547 0.0004
54 
Lazaro       
Upper Cretaceous 550 60 20 20 0.53 0.0004
68 
Utrilla Fm 100 - 80 20 0.518 0.0003
18 
DS8 2090 5 70 25 0.526 0.0003
425 
DS7 3600 45 20 35 0.548 0.0004
665 
 
 
 
 
LAZARO well HF(mW/m2) ENCISO 
HF 
(mW/m2) 
Intial Subsidence (m)  867 
65 
 
Intial Subsidence (m) 1315
63 
Time (My) Subsidence (m) Time (My) Subsidence (m)
150.8 58 150.8 60
108.7 925 108.7 1375
Thermal Subsidence (m) 133 Thermal Subsidence (m) 124
Time (My) Subsidence (m) Time (My) Subsidence (m)
108.7 925 108.7 1375
65.5 1058 65.5 1499
MOLINO well HF(mW/m2) YANGUAS 
HF 
(mW/m2) 
Intial Subsidence (m) 1617 
63 
Intial Subsidence (m) 1996
63 
Time (My) Subsidence (m) Time (My) Subsidence (m)
150.8 60 150.8 61
108.7 1677 108.7 2057
Thermal Subsidence (m) 120 Thermal Subsidence (m) 116
Time (My) Subsidence (m) Time (My) Subsidence (m)
108.7 1677 108.7 2057
65.5 1797 65.5 2173
CASTILLEJO well HF(mW/m2) POVEDA 
HF 
(mW/m2) 
Intial Subsidence (m) 1989 
64 
Intial Subsidence (m) 1771
62 
Time (My) Subsidence (m) Time (My) Subsidence (m)
150.8 60 150.8 60
108.7 2049 108.7 1831
Thermal Subsidence (m) 113 Thermal Subsidence (m) 114
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Time (My) Subsidence (m) Time (My) Subsidence (m)
108.7 2049 108.7 1831
65.5 2162 65.5 1945
ROLLAMIENTA well HF(mW/m2) FUENTETOBA 
HF 
(mW/m2) 
Intial Subsidence (m) 1356 
63 
Intial Subsidence (m) 1041
60 
Time (My) Subsidence (m) Time (My) Subsidence (m)
150.8 31 150.8 31
108.7 1387 108.7 1072
Thermal Subsidence (m) 124 Thermal Subsidence (m) 129
Time (My) Subsidence (m) Time (My) Subsidence (m)
108.7 1387 108.7 1072
65.5 1511 65.5 1201
 
 
 
ID sample Unit %Ro 
Mean 
%Ro Min %Ro 
Max 
ROB-OLI DS8 - Oliván Gr 3.20 3.03 3.52 
PR-11P DS7 - Leza Fm 3.50 1.94 5.60 
SEN-5 DS7 - Enciso Gr 2.40 2.20 5.10 
SEN-3 DS7 - Enciso Gr 3.88 3.10 5.70 
SEN-1 DS7 - Enciso Gr 2.09 1.80 2.30 
URB-2 DS7 - Urbión Gr 3.20 3.00 3.90 
SOY-3 DS3 - Valdeprado Fm 3 2.4 4.3 
SOH-4 DS3 - Valdeprado Fm 2.7 2.4 3.5 
SOO-2 DS3 - Valdeprado Fm 2.00 1.7 3.2 
SOO-1 DS3 - Valdeprado Fm 1.9 1.55 2.8 
TOR-2 DS3 - Huerteles Fm 4.6 3.7 6 
SHDL-1 DS3 - Huerteles Fm 2.9 2.7 3.2 
SPO-1 DS1+2 Tera Gr 3.5 3.1 3.7 
SPOV-7 DS3 - Huerteles Fm 3 2.07 3.47 
SPOV-3 DS1+2 Tera Gr 2 1.3 2.8 
SPOV-1 DS1+2 Tera Gr 2.2 1.7 2.4 
PIG-1 DS7 - Abejar Fm 0.47 0.3 0.9 
STFC-4 DS7 - Abejar Fm 0.50 0.4 0.6 
STFC-1 DS6 - Pantano Fm 0.57 0.40 0.65 
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Sa
mple 
Unit Nºmeas
ure/sampl
e 
Origin Type Syste
m 
Th 
min 
[ºC] 
Th 
max 
[ºC] 
Th 
mean 
[ºC] 
FI-1 DS3 - Huerteles 
Fm 
19 Primar
y 
Quartz 
overgrowth
s 
NaCl+H
2O 
111 168 120 
FI-2 DS4 - Urbión Gr 25 Primar
y 
Quartz 
vein 
NaCl+H
2O 
121 299 290 
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